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Salmonella survives in macrophages by using a molecular syringe to deliver proteins into the host-cell
cytosol where they manipulate phagocyte physiology. Arpaia and colleagues (Arpaia et al., 2011) show
that deployment of this virulence factor is triggered by the very responses that are intended to confer host
resistance.Our body detects microbial intruders by
recognizing conserved structures that
distinguish microorganisms from host
cells. One group of sensory molecules
involved in this task is Toll-like receptors
(TLRs). For example, when the enteric
pathogen Salmonella enterica serotype
Typhimurium (S. Typhimurium) invades
tissue, TLR4 detects lipopolysaccharide
(LPS) from its outer membrane (Poltorak
et al., 1998) and TLR9 can recognize
unmethylated CpG-containing nucleotide
sequences present in its genome (Arpaia
et al., 2011). Lipoproteins from the
cell envelope and amyloids from the
S. Typhimurium biofilm matrix serve as
ligands for TLR1/2 (Tu¨kel et al., 2009).
Finally, S. Typhimurium flagellin medi-
ates responses through TLR5 (Hayashi
et al., 2001). The importance of the
ensuing TLR-mediated host response in
conferring resistance against S. Typhi-
murium infection was first recognized
when a naturally occurring mutation
rendering mice susceptibility to this
pathogen was localized to the gene en-
coding TLR4 (Poltorak et al., 1998).
However, the overall impact of TLR
signaling on host resistance is difficult
to ascertain, because bacterial cells are
recognized in vivo by multiple TLRs
simultaneously.
One approach to probe the overall
contribution of TLR signaling to host resis-
tance is the use of mice deficient for
myeloid differentiation primary response
protein 88 (MyD88), an adaptor protein
required for signaling through all TLRs
except TLR3. However, MyD88 defi-
ciency not only abrogates TLR signaling
but also results in a loss of interleukin
(IL)-1b and IL-18-mediated functions that
contribute to resistance against S. Typhi-murium. To overcome this limitation,
Arpaia and colleagues generated mice
deficient formultiple TLRs and tested their
responsiveness to conserved structures
of S. Typhimurium (Arpaia et al., 2011).
The results indicated that bone-marrow-
derived macrophages responded to
S. Typhimurium infection mainly through
TLR2, TLR4, and TLR9, while TLR5 did
not contribute. As expected, mice defi-
cient for TLR2 and TLR4 were more
susceptible to S. Typhimurium infection
than wild-type mice. However, the study
yielded the surprising result thatmicedefi-
cient for TLR2, TLR4, andTLR9weremore
resistant to S. Typhimurium infection than
mice deficient for TLR2 and TLR4. This
intriguing observation suggested that
the presence of residual TLR-mediated
host-defense responses in mice deficient
for TLR2 and TLR4 was beneficial to the
pathogen.
The concept that host responses could
benefit rather than harm a pathogen
seems counter intuitive, but further inves-
tigation revealed that these responses
served as a signal to deploy a major
S. Typhimurium virulence factor, the type
III secretion system required for survival
in macrophages (T3SS-2). T3SS-2 is in
essence a molecular syringe that acts by
injecting bacterial proteins into the host-
cell cytosol. Acidification of the phago-
some containing S. Typhimurium serves
as a signal required for assembly of the
T3SS-2 apparatus and for the subsequent
export of the SseB protein, which in turn
forms a pore that connects the T3SS-2
secretion channel to the host-cell cytosol
(Beuzon et al., 1999) (Figure 1). Finally,
sensing of the host cytosolic pH through
the T3SS-2 secretion channel triggers
the translocation of proteins, termedCell Host & Microbeeffectors, into the host-cell cytosol, where
they alter trafficking of the Salmonella
containing vacuole (Yu et al., 2010).
Through this mechanism, T3SS-2 enables
S. Typhimurium to establish a replicative
niche in host macrophages, which is
essential for virulence of the pathogen.
Arpaia and colleagues found that acidi-
fication of the Salmonella-containing
vacuole is impaired in macrophages
lacking TLR2, TLR4, and TLR9 due to
the absence of innate immune signaling
(Arpaia et al., 2011). In contrast, phago-
some acidification proceeded normally
in macrophages lacking TLR2 and TLR4,
presumably because S. Typhimurium
still elicits TLR9-mediated responses in
these cells. Previous work on dendritic
cells suggests that the mechanism by
which TLR signaling triggers acidification
involves recruitment of vacuolar proton
pump subunits into the lysosomal
membrane (Trombetta et al., 2003).
Importantly, impaired phagosome acidifi-
cation in macrophages lacking TLR2,
TLR4, and TLR9 prevented expression
of T3SS-2 genes and translocation of
effector proteins, thereby attenuating
S. Typhimurium virulence (Arpaia et al.,
2011). Through this striking mechanism,
virulence of S. Typhimurium is at least in
part dependent on the induction of TLR-
mediated responses that are aimed at
controlling infection.
The utilization of signals generated by
host defenses for inducing the expression
of virulence genes is a common evolu-
tionary outcome of host-pathogen inter-
action. For example, sensing of small anti-
microbial peptides through the PhoQ
sensor kinase controls virulence gene
expression in S. Typhimurium (Bader
et al., 2005). This detection of specific9, March 17, 2011 ª2011 Elsevier Inc. 167
Figure 1. A TLR-Dependent Acidification of the Salmonella-Containing Vacuole in
Macrophages Triggers the Deployment of a Type III Secretion System (T3SS-2)
Conserved structures of S. Typhimurium cells (LPS, DNA, amyloids, and lipoproteins) are recognized by
TLRs (TLR4, TLR9, and TLR2/1), which induce intracellular signals through the common adaptor protein
MyD88, resulting in the assembly of a vacuolar proton pump (V-ATPase) in the phagosomal membrane.
The ensuing acidification of the Salmonella-containing vacuole triggers T3SS-2 assembly and export of
SseB, a protein that forms a pore for effector translocation in the host-cell membrane.
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Previewshost responses might help pathogens to
solve the fundamental problem of distin-
guishing different niches within their host
and initiate the appropriate changes
in virulence gene expression. In case
of localization within a macrophage,
S. Typhimurium needs to deploy T3SS-2168 Cell Host & Microbe 9, March 17, 2011 ªeffector proteins that enable the pathogen
to thrive in the Salmonella-containing
vacuole. However, uncontrolled expres-
sion of T3SS-2 genes attenuates viru-
lence of S. Typhimurium (Coombes
et al., 2005), suggesting that a tight
control of virulence gene expression is2011 Elsevier Inc.essential for the success of the pathogen.
By taking cues from the host response,
S. Typhmimurium might thus be able to
coordinate the changes in virulence
gene expression that are essential for its
successful transit through different host
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